Skeletal muscle Cell-matrix adhesion Nicotinamide riboside kinase Nicotinamide adenine dinucleotide Laminin Paxillin Cell-matrix adhesion complexes (CMACs) play fundamental roles during morphogenesis. Given the ubiquitous nature of CMACs and their roles in many cellular processes, one question is how specificity of CMAC function is modulated. The clearly defined cell behaviors that generate segmentally reiterated axial skeletal muscle during zebrafish development comprise an ideal system with which to investigate CMAC function during morphogenesis. We found that Nicotinamide riboside kinase 2b (Nrk2b) cell autonomously modulates the molecular composition of CMACs in vivo. Nrk2b is required for normal Laminin polymerization at the myotendinous junction (MTJ). In Nrk2b-deficient embryos, at MTJ loci where Laminin is not properly polymerized, muscle fibers elongate into adjacent myotomes and are abnormally long. In yeast and human cells, Nrk2 phosphorylates Nicotinamide Riboside and generates NAD+ through an alternative salvage pathway. Exogenous NAD+ treatment rescues MTJ development in Nrk2b-deficient embryos, but not in laminin mutant embryos. Both Nrk2b and Laminin are required for localization of Paxillin, but not β-Dystroglycan, to CMACs at the MTJ. Overexpression of Paxillin in Nrk2b-deficient embryos is sufficient to rescue MTJ integrity. Taken together, these data show that Nrk2b plays a specific role in modulating subcellular localization of discrete CMAC components that in turn plays roles in musculoskeletal development. Furthermore, these data suggest that Nrk2b-mediated synthesis of NAD+ is functionally upstream of Laminin adhesion and Paxillin subcellular localization during MTJ development. These results indicate a previously unrecognized complexity to CMAC assembly in vivo and also elucidate a novel role for NAD+ during morphogenesis.
Introduction
One fundamental question in developmental biology is how tissue architecture is generated and maintained. Both cell-cell adhesion and cell-matrix adhesion are critical for organogenesis. However, despite the spatial and temporal regulation of cell adhesion in nearly all morphogenetic events, the dynamic modulation of cell adhesion during morphogenesis is not well understood. Zebrafish axial skeletal muscle, because of its reiterated nature and simple structure, is an ideal model system with which to analyze the molecular details of cell adhesion complex assembly and specificity of cell adhesion dynamics during different cellular behaviors.
Cell-matrix adhesion mechanically links cells to the extracellular matrix (ECM) through transmembrane receptors (e.g. Integrins). In vitro, these adhesion sites have different names depending on their size and composition (Geiger et al., 2001) . A recent review proposed use of the umbrella term Cell-Matrix Adhesion Complexes (CMACs, pronounced seeMACs) to refer to all cell-matrix adhesion structures (Lock et al., 2008) . CMACs are dynamic structures that are alternately formed and disassembled during cell migration. CMAC assembly involves Integrin clustering and the recruitment and phosphorylation of numerous cytoplasmic proteins that link to the cytoskeleton. Two well known cytoplasmic proteins that modulate dynamic adhesion are Focal Adhesion Kinase (FAK) and Paxillin. FAK is a non-receptor tyrosine kinase that is phosphorylated upon adhesion to the ECM (Schaller et al., 1992) . FAK is overexpressed in many types of cancerous cells (Chatzizacharias et al., 2008) and is thought to promote cell motility by facilitating CMAC turnover (Ilic et al., 1995) . Counter intuitively, FAK also plays a role in stabilizing adhesion: FAK is required for costamerogenesis in muscle cells (Quach and Rando, 2006) and FAK concentration increases subsequent to muscle loading (Gordon et al., 2001) . Similarly, the scaffolding protein Paxillin can also promote both CMAC assembly and disassembly. Paxillin is one of the first proteins recruited to nascent CMACs and is hypothesized to play a role in mediating the molecular composition of assembling CMACs (Digman et al., 2008) . However, Paxillin is also required for adhesion turnover: cells without Paxillin exhibit stabilized adhesions (Webb et al., 2004) . Many in vitro studies have looked at the order in which intracellular proteins are recruited to CMACs. The uniting conclusion from these studies is that the order of recruitment is context dependent. Even less is known about CMAC dynamics in vivo. Given the complexity of CMACs in vitro, along with the fact that the same proteins can promote different cellular behaviors, it is likely that a complex combinatorial code of the post-translational modifications and interactions of CMAC proteins mediates cell behavior in vivo.
One important question is how an adhesion code mediates interaction of cells with their ECM microenvironment. The bidirectional signaling that occurs between cells and their ECM through CMACs is called "dynamic reciprocity" (Bissell et al., 1982) . Signaling from the ECM modifies intracellular signaling, gene expression and cell morphology. Signals from within the cell modify the molecular composition and structure of the ECM. The basement membrane is one specialized compartment of the ECM and is required for muscle development and physiology. Basement membranes surround individual muscle fibers and concentrate at the myotendinous junction (MTJ). Adhesion to Laminin in basement membranes is critical for muscle development in both zebrafish and mice Kanagawa and Toda, 2006; Lieschke and Currie, 2007; Schessl et al., 2006) . Multiple human myopathies result from disruption of muscle to basement membrane adhesion (Kanagawa and Toda, 2006; Schessl et al., 2006) . Despite the critical importance of adhesion between muscle and the basement membrane, the mechanisms that mediate initial attachment and assembly/polymerization of the basement membrane are not known.
Given the ubiquitous and dynamic nature of cell adhesion, one fundamental question is how cell adhesion modulates multiple different cell behaviors. Muscle Integrin Binding Protein (MIBP) is a novel, muscle-specific protein that binds to the Laminin receptor Integrin α7β1 (Li et al., 1999) . MIBP is a splice variant of Nicotinamide riboside kinase 2 (Nrk2), which has also been designated Integrin β1 Binding Protein 3 (ITGβ1BP3). Human Nrk1 and Nrk2 phosphorylate Nicotinamide Riboside to generate Nicotinamide Adenine Dinucleotide (Belenky et al., 2007b; Bieganowski and Brenner, 2004; Tempel et al., 2007) . Several lines of evidence suggest that Nrk2 plays a critical role in muscle development and physiology: (1) overexpression of mibp disrupts myotube formation in vitro (Li et al., 2003) , (2) itgβ1bp3 is the second most upregulated muscle transcript in myostatin −/− cows (Sadkowski et al., 2008) , and (3) nrk2 is the most highly upregulated tissue-restricted transcript in alveolar soft-part sarcoma (Stockwin et al., 2009) . Taken together, these data suggest that Nrk2 is a critical regulator of muscle growth and development. Thus, we asked whether Nrk2 is required for animal development in general and zebrafish muscle development specifically.
There are at least two zebrafish orthologues of Nrk2. We focused on Nrk2b (a.k.a. MIBP2) because it is expressed during muscle development. We used morpholino-mediated knockdown to ask whether Nrk2b is required for muscle development in vivo. Embryos injected with morpholinos targeted to nrk2b resemble laminin mutants, suggesting that nrk2b functions to mediate adhesion to Laminin in vivo. In support of this, laminin γ1 mutants injected with nrk2b morpholinos resemble laminin γ1 mutants injected with control morpholinos. This epistasis analysis suggests that nrk2b functions in the Laminin signaling pathway. Although a basement membrane at the MTJ does form in nrk2b morphants, it is significantly less organized than in control embryos. Genetic mosaic analysis suggests that Nrk2b is non-cell autonomously required for proper basement membrane polymerization. However, Nrk2b is cell autonomously sufficient for localization of Paxillin to CMACs at the MTJ. To our knowledge, this is the first identification of a vertebrate protein that cell autonomously mediates the molecular complexity of CMACs in vivo. Human and yeast Nrk proteins function in an alternative salvage pathway to generate NAD+ (Belenky et al., 2007a; Belenky et al., 2009; Belenky et al., 2007b; Bieganowski and Brenner, 2004; Bogan and Brenner, 2008) . Exogenous NAD+ rescues discontinuous MTJs in nrk2b morphants but not in laminin γ1 mutants. These data suggest that Nrk2b-mediated NAD+ production functions upstream of Laminin adhesion/signaling during zebrafish muscle morphogenesis. Taken together, these data show that this understudied protein and NAD+ are novel cell adhesion regulators that impart specificity to the assembly of cell adhesion complexes.
Materials and methods

Zebrafish (Danio rerio) husbandry/mutant lines/transgenic lines
Adult zebrafish were kept at 28.5°C on a 16 hour light/8 hour dark cycle. Zebrafish embryos were collected from natural spawnings of these adult fish. Embryos were staged according to Kimmel et al. (1995) . Gup/laminin β1 tg210 and sly/laminin γ1 ti263A mutants were a generous gift from the Tuebingen stock center. A transgenic line expressing GFP fused to the C-terminus of Paxillin was generated by cloning full length Paxillin off 24 hours post fertilization (hpf) zebrafish cDNA, cloning the PCR product into the pDONR221 plasmid (Invitrogen) and then cloning, along with p5E-bactin2 (ubiquitous beta-actin promoter, a 5′ entry clone vector from the Tol2Kit (Kwan et al., 2007) ) and p3E-EGFPpA (EGFP for C-terminal fusions, plus SV40 late polyA, a 3′ entry clone vector from the Tol2Kit (Kwan et al., 2007) ), into a pDestTol2pA plasmid (a destination vector from the Tol2Kit (Kwan et al., 2007) ) via a recombination reaction. Linearized pCS2-TP plasmid (kindly provided by Koichi Kawakami) was used as a template to generate capped mRNA encoding Tol2 transposase by in vitro transcription using SP6 polymerase (Message Machine, Ambion). Plasmids were co-injected with mRNA encoding Tol2 transposase into embryos at the single cell stage. GFP expressing zebrafish from the F 0 generation were grown up and then spawned to detect for germ line incorporation of the transgene. The F 1 generation, offspring of the F 0 generation with germ line incorporation of the transgene, stably overexpressing Paxillin was used for experimentation.
Morpholino (MO) injections
MOs were obtained from Gene Tools, LLC. The nucleotide sequence of the nrk2bm1 MO is 5′-GAACTTCATCCTCGACGTGATTTT G-3′ and the sequence of the nrk2bm2 MO is 5′-CGTCAAAGTAGAGAAAAATTGG CTA-3′. The sequence of the standard control MO is 5′-CCTCTTACCT-CAGTTACAATTTATA-3′. All MOs were diluted in sterile water. The nrk2b MO cocktail was 12 ng nrk2bm1 plus 6 ng nrk2bm2. 12 ng of the standard control MO was injected. dystroglycan MO was injected according to Parsons et al. (2002a) . The p53 MO sequence is 5′-CCCTTGCGAACTTACATCAAATTCT-3′. Equal amounts of nrk2b MOs and the p53 MO were combined and co-injected. MOs were injected with a MPPI-2 Pressure Injector from ASI. Embryos were injected in the yolk at the 1-cell stage. The laminin MOs used have been previously described and recapitulate the mutant phenotype (Parsons et al., 2002b) .
Suppression of GFP fluorescence when the target sequence is coinjected with MOs: full length nrk2b was amplified off cDNA from 24 hpf zebrafish. The PCR product was cloned using the Tol2Kit and injected as above, with or without nrk2b MOs.
NAD+ treatment
β-NAD (Sigma) was dissolved in Embryo Rearing Medium to a stock concentration of 15 mM. The treatments used were 100 μM and 1 mM NAD+ . Embryos were treated from shield stage through live imaging/fixation.
Antibody (Ab) staining/immunohistochemistry
All Abs were diluted in block (5% w/v Bovine Serum Albumin (BSA) in Phosphate Buffered Saline (PBS) with 0.1% Tween20). Alexa Fluor 488 phalloidin (Molecular Probes) staining involved fixing embryos in 4% Paraformaldehyde (PFA) for 4 h at room temperature (RT), washing 5 times for 5 min each (5 × 5) in 0.1% PBS-Tween, permeabilizing for 1.5 h in 2% PBS-Triton, washing 5 × 5 and then incubating in phalloidin (1:20) for 1-4 h at RT. Ab staining followed phalloidin staining or started with blocking for 1 h at RT, incubating in 1°Ab overnight at 4°C, washing for 2-8 h at RT, incubating in 2°Ab overnight at 4°C, then washing for 1 h. 1°Abs: anti-β-Catenin 1:500 (Sigma); anti-β-Dystroglycan 1:50 (Novocastra); anti-Laminin-111 1:50 (Sigma); anti-Paxillin 1:50 (BD Biosciences); anti-pan-FAK-c-20 1:50 (Santa Cruz Biotechnology); anti-pY-397-FAK, anti-pY-861-FAK 1:50 (Biosource). 2°Abs: GAM/GAR 488, 546, 633 1:200 (Invitrogen).
Whole mount in situ hybridization (ISH)
Dechorionated embryos were fixed and washed as above, treated with Proteinase K (Fisher) for 1 to 15 min and then fixed (20 min) and washed 5 × 5. Embryos were incubated in prehybridization solution (50% Formamide, 5× sodium chloride-sodium citrate buffer, 50 μg/mL Heparin, 500 μg/mL Yeast tRNA, 0.1% Tween20, pH of 6.0 with citric acid) for 4 h at 65°C, and then hybridized overnight at 65°C with a digoxygenin-labeled probe. Embryos were washed in PBS-Tween, incubated in anti-digoxygenin Ab (Roche) for 2 h at RT, washed and then developed in a 0.45% NBT/0.35% BCIP (Roche) in PBS-Tween solution until the desired color was obtained. Controls and morphants hybridized with the same probe were developed for the same amount of time. The developing process was stopped by fixing or rinsing 4 times in sterile water.
Westerns
Protein was prepared from 24 h post fertilization zebrafish embryos using previously described methods (Link et al., 2006) . Protein was resolved on a 10% SDS-PAGE gel, transferred to PVDF membrane, blocked in 5% dry milk, incubated in 1°Ab (anti-Paxillin 1:1000, BD Biosciences) at 4°C overnight, washed, incubated in 2°Ab, washed, detected with Supersignal West Dura (Pierce) and developed on a CCD LAS 4000 Fuji camera.
Genetic mosaics
Embryos were injected with MOs as described above and 10,000 MW fluorescent (wavelength 546 or 633) dextrans (Molecular Probes). Transplants were performed as described in Henry et al. (2005) .
Comparative qRT-PCR
RNA was isolated from whole embryos at 24 hpf via Qiagen's RNeasy Mini Kit. One-step comparative qRT-PCR was conducted with Quanta kit reagents and Rox reference dye. A Mx400 machine was used and the annealing temperature was 60°C. Approximately 50 ng of RNA template was used per reaction. We used β-actin as our normalizing transcript. See Supplementary 
Imaging
All images were obtained on a Zeiss Axio Imager Z1 microscope with a Zeiss ApoTome attachment. Embryos were deyolked in PBS, side mounted in 80% glycerol/20% PBS and viewed with the 10×, 20× or 40× objective. For images where fluorescence levels were to be compared, exposure times were kept constant throughout the imaging of that experiment. Images were optimized by averaging up to 5 frames.
For ISH images, embryos older than 16 somites were deyolked and side mounted as above. Younger embryos were whole mounted by clearing their yolks in MeOH for 15 min followed by 1:2 Benzyl Alcohol:Benzyl Benzoate for 15 min, then dorsally orienting them in Permount. Image modifications in Adobe Photoshop were one round of linear adjustments, Gaussian filtering (0.3 pixel) and unsharp mask (50%, 1 pixel) prior to being collated in Adobe Illustrator.
Measuring myotome boundary angles
Zeiss Inside 4D software was used to calculate the angle of the chevron shaped myotome boundary from brightfield images. The angle degrees were averaged within in a treatment and then graphed and statistically analyzed for significance.
Normalized fluorescence intensity
Images were imported into ImageJ (freely available online) and the profiles were plotted. The resulting data were imported into Excel for normalization. For each panel, in order to control for varied exposure times, the maximum intensity of phalloidin was determined and the values were all normalized to this intensity. Thus, what is shown is a "percentage of maximum intensity."
The 2D Wavelet Transform Modulus Maxima (WTMM) method
The 2D WTMM method is a multifractal image analysis formalism originally introduced in Arnedo, 2000 that has been adapted to perform a structural, multi-scale anisotropic analysis of image features having a complex geometry (Arnedo, 2000; Khalil, 2006) . At a given scale a, the WTMM are defined by the positions where the Wavelet Transform Modulus is locally maximum in the direction A of the gradient vector. These WTMM lie on connected chains called maxima chains. Vectors along the maxima chains corresponding to positions where the image gradient is locally maximal on the maxima chain are the WTMM maxima, or WTMMM. Their angle indicates locally the direction where the signal has the sharpest variation.
At all size scales a, the probability density functions (pdfs), P a (A), of the angles, A, are associated to each WTMM vector. A flat pdf indicates random directions of sharpest intensity variation (i.e. isotropy). The anisotropy factor, F a :
jdA;
has been defined in such a way that a theoretically isotropic surface will have a value of F a = 0, while any value greater than 0 quantifies a departure from isotropy.
Results
Characterization of nrk2b expression and morpholinos (MOs) targeting nrk2b
nrk2b is expressed in muscle tissue at 26 hpf (Thisse et al., 2004) . We found that nrk2b expression is initiated in the paraxial mesoderm at tailbud stage (data not shown) and persists through at least 35 hpf (Figs. 1A-A6 ). In order to determine the function of Nrk2b in muscle development, we designed two non-overlapping, translation-blocking MOs targeting nrk2b (Fig. 1B) . Injection of 12 ng of control MO did not elicit a phenotype (Figs. 1C-C1 ). Injection of either 24 ng MO1 or 12 ng MO2 disrupted muscle development: myotomes were Ushaped and thinner in the anterior-posterior dimension than in controls (Figs. 1D-D1 , E-E1). Injection of half the functional amount of MO1 or MO2 did not disrupt muscle development (Figs. 1F-F1 , G-G1). Co-injection of 12 ng MO1 + 6 ng MO2 elicited the same phenotype as embryos injected with higher levels of single MOs (compare Figs. 1H-H1 to D-D1, E-E1). This synergy suggests that these MOs disrupt translation of the same gene product (Eisen and Smith, 2008) . The MO cocktail of 12 ng MO1 + 6 ng MO2 was injected in all the ensuing experiments.
A nrk2b:gfp fusion construct containing the MO target sequences was generated using the Tol2Kit (Kwan et al., 2007) to test the effectiveness of the nrk2b MO cocktail in blocking translation of Nrk2b protein. This fusion construct was injected with and without the nrk2b MO cocktail. nrk2b MOs dramatically decreased translation of the Nrk2b:GFP fusion protein in all embryos observed (Figs. 1K-K1, 3 experiments, 1 representative experiment: 93% of nrk2b:gfp injected embryos expressed GFP (n = 171 out of 184 embryos) whereas only 5% of nrk2b:gfp + nrk2b MO-injected embryos expressed any GFP (n = 1 out of 20 embryos, nrk2b MOs knocked down Nrk2b:GFP protein for at least 26 h, data not shown). These data indicate that two separate, non-overlapping nrk2b MOs synergize and are sufficient to disrupt Nrk2b translation. Because injection of MOs can activate the p53 pathway and cause non-specific effects (Robu et al., 2007) , we coinjected the nrk2b MO cocktail 1:1 with p53 MO (Robu et al., 2007) . Co-injection of p53 MO rescued necrosis in the head, but not U-shaped myotomes and shorter body axes (Figs. 1L-N) . Myotome boundary angles in nrk2b morphants are significantly wider than controls (Fig. 1J , Student t-test, p b 0.001). Myotome boundary angles in nrk2b: p53 double morphants are also significantly wider than controls (Fig. 1J , Student t-test, p b 0.001) and are not significantly different than boundary angles in nrk2b morphants (Fig. 1J) . Thus, co-injection of p53 MO does not rescue the paraxial mesoderm phenotype of nrk2b morphants.
Nrk2 was identified in a yeast two-hybrid screen for proteins that interact with the Laminin receptor Integrin α7β1 (Li et al., 1999) . It was subsequently shown that ectopic Nrk2 expression in C2C12 myoblasts disrupts adhesion to Laminin, but not the ECM protein Fibronectin (Li et al., 2003) . The fact that the phenonotype of the paraxial mesoderm in nrk2b morphants resembles that of laminin β1 and γ1 mutants (Parsons et al., 2002b) , in that myotomes are narrower in the anterior-posterior axis, suggests that Nrk2 may mediate adhesion to Laminin in vivo as well as in vitro. Myotome boundary angles in laminin mutants and nrk2b morphants are not significantly different (Student t-test, p = 0.3), and both are significantly wider compared to controls (Fig. 1J , Student t-test, p b 0.001). These data suggest that Nrk2b mediates adhesion to Laminin. However, these data do not clarify whether Nrk2b affects adhesion of muscle cells to other ECM proteins. We thus conducted pseudogenetic epistasis analysis. Injection of nrk2b MOs into laminin mutants phenocopies laminin mutants ( Figs. 2A-D) . This result suggests that Nrk2b participates in the Laminin signaling pathway during early development.
The preceding data provide evidence that nrk2b MOs are specific. First, two MOs targeting nrk2b generate a similar phenotype, suggesting that they disrupt translation of nrk2b. Second, the phenotype is recapitulated by co-injection of sub-functional doses of both MOs. Third, nrk2b MOs block translation of a Nrk2b:GFP fusion protein containing the target sequences for the MOs. Fourth, coinjection of p53 MO with the nrk2b MO cocktail rescues the cell death seen in the head of nrk2b morphants, but does not rescue the disrupted muscle phenotype. Fifth, injection of nrk2b MOs into wildtype or laminin γ1 mutants phenocopies the laminin mutant phenotype. Taken together, these results suggest that nrk2b MOs disrupt translation of Nrk2b protein and do not cause significant "offtarget" effects (Eisen and Smith, 2008) .
MTJs are disrupted in nrk2b morphants
MTJ development is disrupted by 48 hpf in laminin β1 and γ1 mutants (Snow et al., 2008a) . Given the above data suggesting that nrk2b participates in Laminin signaling/adhesion, we asked whether MTJ development is also disrupted in nrk2b morphants. Phalloidin staining, to visualize filamentous-actin, showed organized elongated muscle fibers in 48 hpf controls (Fig. 2E ). The MTJ is the dark region devoid of actin staining (pseudocolored purple in Figs. 2E1, F1, G, H). In contrast, about one third (71/212, 33%) of MTJs in every 48 hpf nrk2b morphant contained foci where MTJs were disrupted and muscle fibers were abnormally long (pseudocolored yellow in Fig. 2F1 ). Approximately the same proportion of MTJs (19/67, 28%) were disrupted in all 96 hpf nrk2b morphants (Fig. 2H ). Similar proportions of disrupted MTJs in 48 and 96 hpf nrk2b morphants indicates that there is no age-dependent degeneration of the MTJ. This phenotype of disrupted MTJs is also observed in nrk2b:p53 double morphants (data not shown). These data show that Nrk2b is required for normal muscle development and raise the question of why nrk2b morphant MTJs are discontinuous. Note that the control morphant (L1) has a longer body axis than both nrk2b morphants (M1) and nrk2b + p53 double morphants (N1). (L2-N3) Side mount, anterior left, dorsal top, 26 hpf embryos, phalloidin staining to visualize actin. Higher magnification views of embryos from the corresponding dishes. In panels numbered 3, myotome boundaries were pseudocolored fuchsia and the myotome boundary angle is given with the corresponding boundary. Note that while injection of p53 MO did rescue the cell death seen in the head of nrk2b morphants, it did not rescue the shorter body axis (compare M1 to N1) or the U-shaped myotomes (compare M3 to N3). Scale bars are 50 μm, ***p b 0.001. In teleosts, MTJs are derived from initial epithelial somite boundaries. Therefore, we asked if discontinuous MTJs at 48 hpf are a direct consequence of discontinuous initial somite boundary formation. Although somites are misshapen in nrk2b morphants, segmentally reiterated boundaries form (Figs. 2I, K) and the expression of somite patterning genes appears normal (Fig. 2 , panels J and L). Similar to laminin β1 and γ1 mutants (Snow et al., 2008a) , initial somites are narrower in the anterior-posterior dimension (Fig. 2N) . These abnormally shaped but continuous somite boundaries are clearly visible when phalloidin staining is used to outline cells (Fig. 2N) . In controls at 26 hpf, MTJs are clearly V-shaped and actin is slightly enriched at the terminal ends of muscle fibers attached to MTJs, (Fig. 2O, white arrow) . In contrast, actin is strikingly enriched at the terminal ends of muscle fibers at the MTJ and depleted within myotubes in 26 hpf laminin γ1 mutants (Fig. 2P) . Similar actin distribution is observed in both nrk2b morphants and nrk2b MOinjected laminin γ1 mutants (Figs. 2Q and R, respectively). These differences in actin distribution are clear when normalized fluorescence intensity in the anterior-posterior dimension is graphed (see Materials and methods) (Figs. 2O-R) . Note that the peaks and valleys of fluorescence intensity in controls (Fig. 2O ) are less extreme than those in the other panels (Figs. 2P-R). These data suggest that adhesion to Laminin may be required for normal cellular distribution of F-actin. In addition, this higher resolution analysis of nrk2b morphant-laminin γ1 mutants indicates that injection of nrk2b MOs into laminin γ1 mutants does slightly affect the laminin mutant phenotype. Boundaries are more U-shaped than laminin γ1 mutants injected with control MO (compare Figs. 2P and R). Both laminin β1 and laminin γ1 are maternally expressed (Parsons et al., 2002b) , and we have found that injection of laminin γ1 MOs into laminin γ1 mutants results in early embryonic lethality (data not shown). We hypothesize that injection of nrk2b MOs into laminin γ1 mutants disrupts adhesion to maternally provided Laminin and thus results in a slightly worse phenotype. Taken together, these data indicate that discontinuous MTJs at 48 hpf in nrk2b morphants are not due to discontinuous somite boundary formation earlier in development. In addition, these data further show that the nrk2b morphant phenotype resembles that of laminin mutants, supporting the hypothesis that Nrk2b functions in Laminin-mediated adhesion/signaling.
Exogenous NAD+ rescues MTJ deterioration in nrk2b morphants
Yeast and human Nrk2 phosphorylate Nicotinamide Riboside to generate NAD+ through an alternative salvage pathway (Biegaganowski and Brenner, 2004) . Zebrafish embryos lacking Nrk2b are therefore potentially deficient in NAD+. We hypothesized that addition of exogenous NAD+ would rescue the nrk2b morphant phenotype. We incubated control and nrk2b MO-injected embryos in 100 μM or 1 mM exogenous NAD+ beginning at shield stage (see Materials and methods). Addition of NAD+ to control MO-injected embryos did not affect muscle development (Fig. 3A) . Body axes are again shorter, somites are U-shaped, and MTJs are discontinuous in nrk2b morphants (Fig. 3, panel B) . Exogenous NAD+ rescued the nrk2b morphant paraxial mesoderm phenotype. Morphants incubated in 100 μM or 1 mM NAD+ had longer body axes and greatly decreased boundary angles that were significantly different from angles in nrk2b morphants (Fig. 3 , panels C, D and E, p b 0.001 for both concentrations). Approximately 7% of MTJs were discontinuous in morphants treated with 100 μM NAD+ (Fig. 3C2) . Discontinuous MTJs in NAD+-treated nrk2b morphants with normal boundary angles indicate that MTJ disruption is not a non-specific side effect of wider MTJs. Although myotome boundary angles were not significantly different in nrk2b morphants grown in 100 μM and 1 mM NAD+, there was a difference in MTJ integrity. Far fewer MTJs were discontinuous in morphants treated with 1 mM NAD+ than treated with 100 μM NAD+ (Fig. 3F) . Thus, there is a dose dependent rescue of MTJ integrity when nrk2b morphants are supplemented with NAD+. Treatment of laminin mutants with exogenous NAD+ did not rescue wider myotome boundary angles or MTJ crossings (Figs. 3E, F, H, and I). Taken together, these data suggest that the main role of Nrk2b in muscle morphogenesis is to generate NAD+ and that NAD+ production is functionally upstream of Laminin adhesion/signaling.
Nrk2b is required non-cell autonomously for basement membrane polymerization at the MTJ We showed that discontinuous MTJs in nrk2b morphants at 48 hpf are not due to discontinuous somite boundaries. Somite boundary morphogenesis into nascent MTJs occurs around 24 hpf (Henry et al., 2005) and polymerized Laminin-111, indicative of basement membrane assembly, robustly concentrates throughout the MTJ at this time (Crawford et al., 2003; Snow and Henry, 2008) . We asked if Nrk2b is required for basement membrane formation because Nrk2b interacts specifically with the Laminin receptor, Integrin α7β1, in vitro (Li et al., 2003) . In controls, Laminin-111 at the basement membrane is clear as a distinct line between adjacent myotomes (Fig. 4A1-3 , small square panels). In 3D projections, the organization and continuous nature of Laminin-111 in the medial-lateral dimension is clear (Fig. 4A1-3 , large square panels). When the 3D projections are rotated to generate a transverse view, high levels of Laminin-111 are observed throughout the medial-lateral extent of the MTJ except for the horizontal myoseptum (dark vertical line, Fig. 4A1-3 , tall rectangular panels, Laminin is observed at the MTJ adjacent to slowtwitch fibers in blue, but also medially in the fast-twitch muscle domain). In contrast, the MTJ basement membrane in nrk2b morphants is disorganized and discontinuous. At a lower magnification view, Laminin-111 at the MTJ in nrk2b morphants appears similar to controls (compare Figs. 4A to B) . Upon closer inspection, however, it is clear that Laminin-111 is not laid down in a straight and organized line (Fig. 4B1-3 , small square panels). The basement membrane is not always continuous, i.e. there are holes in Laminin-111 at the MTJ (Fig. 4B3 , white arrow in large square panel, note gap in Laminin-111 staining in the top left small square panel, this gap appears as a hole in Laminin-111 staining when 3D projected, see Supplementary movies). These holes do not represent gaps within muscle tissue because staining for phalloidin, which outlines cells, showed that muscle fibers terminated adjacent to the gaps/holes (Fig. 4B3 , white arrow in small square panel). This disorganization of the basement membrane is especially clear in 3D projections (Fig. 4B1-3 , large square panels). The transverse view shows that levels of Laminin-111 are not uniform throughout the medial-lateral extent of the MTJ (Fig. 4B1-3 , tall rectangular panels). Interestingly, Laminin-111 deposition appears to be particularly poor in the MTJ adjacent to the medial fast-twitch muscle domain (Fig. 4B1-3 , tall rectangular panels).
The above data indicate that basement membrane assembly at the MTJ is disrupted in nrk2b morphants. To test whether this disruption is a common phenotype when adhesion to Laminin-111 is disrupted, we assayed basement membrane assembly in dystroglycan morphants. Dystroglycan is a component of the Dystrophin-Glycoprotein Complex (DGC), a transmembrane receptor for Laminin, and is crucial for maintenance of muscle fiber attachment to the ECM. It has previously been shown that dystroglycan morphants have muscular dystrophy (Parsons et al., 2002a) , but the age of onset has not been closely investigated. We find that MTJs in dystroglycan morphants at 26 hpf are fairly normal (Fig. 4C ). Very few MTJs are discontinuous and crossed by abnormally long muscle fibers (2 experiments, 13 embryos, 4/110 MTJs crossed). Careful inspection of the basement membrane in dystroglycan morphants corroborates this conclusion. 3D and transverse projections show robust basement membrane polymerization (Fig. 4, panel C) . Even when the MTJ is discontinuous and there is a hole in the basement membrane that is crossed by muscle fibers, the adjacent basement membrane is robust (Fig. 4C1 , square panels, red arrowhead). Importantly, transverse views show that basement membrane assembly in the fast-twitch muscle domain is robust adjacent to the gap in the MTJ that is crossed by muscle fibers (Fig. 4C1, tall rectangular panel, red arrowhead) .
By applying the 2D Wavelet Transform Modulus Maxima (WTMM) method (Arnedo, 2000; Khalil, 2006; Snow et al., 2008a; Snow et al., 2008b) we performed a structural, multi-scale anisotropy analysis to rigorously and objectively assess CMAC components at the MTJ in nrk2b morphants. The 2D WTMM method can be used to quantify the amount of structure (order) of objects that do not have a well-defined boundary (see Materials and methods) by calculating the angle of steep gradients in pixel intensity, at different size scales. This is perhaps most apparent in controls, where most of the arrows plotting this angle are parallel to each other (Fig. 4, panel E) . Angles are also mostly parallel in dystroglyan morphants (Fig. 4, panel F) . However, arrows are far less organized in nrk2b morphants (Fig. 4, panel G) . This organization is quantified by calculating the probability density function of the angles, from which we obtain the anisotropy factor (see Materials and methods). The anisotropy factor is the departure from isotropy or randomness. A higher anisotropy factor indicates a more ordered structure. We found that control and dystroglycan morphants have similar anisotropy factors (Fig. 4D) . The anisotropy factor of Laminin-111 staining in nrk2b morphants is significantly lower, indicating a more random structure (Student t-test, p b 0.01, Fig. 4D ). These data indicate that Nrk2b is required for normal basement membrane assembly.
Possible explanations for the apparent decrease in Laminin-111 at nrk2b morphant MTJs are: (1) reduced laminin transcription, (2) increased Laminin-111 degradation or (3) less efficient assembly/polymerization of Laminin-111. We used multiple experimental approaches to distinguish between these possible mechanisms. We first analyzed laminin transcription at 24 hpf because this is the earliest time that basement membranes at the MTJ are reliably robust in controls and disrupted in nrk2b morphants. Neither of these laminin chains is highly expressed in controls at 24 hpf (Figs. 5B, C) . Expression of both chains appears increased in 24 hpf nrk2b morphants (Figs. 5B1, C1 ). Because expression levels are somewhat low, we also quantitatively analyzed transcription of the three laminin chains that make up Laminin-111. Comparative quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR) of controls and nrk2b morphants indicated that these three laminin chains are not downregulated in nrk2b morphants (Fig. 5A) . If anything, transcription of these laminin chains is increased. Transcription of laminin α1 is upregulated approximately 2.5 fold compared to controls. Because all three chains are required for Laminin-111 assembly, it is not clear whether dramatically increased transcription of one chain affects levels of Laminin-111 protein (we have been unsuccessful at using Westerns to detect Laminin-111 with the above antibody, this is probably due to the fact that the antibody recognizes assembled and polymerized Laminin-111). However, these data allow us to conclude that the disruption in Laminin-111 at the MTJ basement membrane is not due to decreased laminin transcription.
Another mechanism that could account for the holes in the MTJ basement membrane in nrk2b morphants is increased degradation of Laminin-111. We used genetic mosaic analysis to ask whether nrk2b morphant cells are sufficient for Laminin-111 degradation. Nrk2b-deficient cells were transplanted into wild-type hosts and the MTJ basement membrane was assessed at 48 hpf. No holes in the MTJ basement membrane were observed adjacent to Nrk2b-deficient cells in control hosts (Figs. 5D-D3 , n = 68 cells). We also asked whether Nrk2b-deficient cells were able to elongate across MTJ boundaries. Only 9/485 (2%) cells crossed control MTJ boundaries (Fig. 5E) . Genetic mosaic analysis of myotubes is complicated by their multinucleate nature. However, we can conclude that Nrk2b-deficient cells are not sufficient, even in large quantities, to frequently induce Laminin degradation. Taken together, the above data suggest that Nrk2b is non-cell autonomously required for basement membrane polymerization and that basement membrane polymerization is a phenomenon mediated by communities of cells. To our knowledge, this is the first example of an intracellular protein critical for basement membrane assembly during muscle development in vivo.
The percentage of holes in Laminin-111 at 24 hpf is similar to the percentage of MTJs crossed at 48 hpf (Fig. 5E ). Muscle integrity does not degenerate through time in nrk2b morphants: the percentage of MTJs crossed at 96 hpf is similar to the percentage crossed at 48 hpf (Fig. 5E ). These results suggest that initial defects in basement membrane assembly precede muscle fibers crossing through the defective basement membrane later in development, resulting in discontinuous MTJs (Fig. 5F ).
CMAC assembly is aberrant in nrk2b morphants
The above data show that Laminin-111 is not efficiently polymerized at the MTJ basement membrane in nrk2b morphants. Recruitment of intracellular scaffolding and signaling proteins, like Focal Adhesion Kinase (FAK), Paxillin and β-Dystroglycan, to CMACs is critical for the assembly and maintenance of the ECM (Lock et al., 2008; Lunt et al., 2009; White et al., 2008) . Thus, we assessed CMAC assembly at the MTJ both qualitatively and quantitatively, with the WTMM formalism. The WTMM formalism was applied to images for β-Dystroglycan, pY861 FAK, pY397 FAK, and Paxillin. In order to best assess structure at the MTJ, we analyzed wavelets between 1.88 and 3.75 μm. β-Dystroglycan robustly concentrates at the MTJ in controls at 26 hpf (Fig. 6A, white arrows) . This organized staining is reflected in a relatively high anisotropy factor, approximately 1.3, across all size scales analyzed (Fig. 6M , dark blue bars). β-Dystroglycan concentrates at nrk2b morphant MTJs, but is slightly less robust than in controls (Fig. 6B , ct n = 31 MTJs, nrk2b MOs n= 44 MTJs). This difference is clear when the anisotropy factor is calculated (Fig. 6M , light blue bars): β-Dystroglycan is significantly less organized in nrk2b morphants for all size scales examined (p b 0.001). Both FAK (data not shown, ct n = 48 MTJs; nrk2b MOs n =43 MTJs) and tyrosine phosphorylated FAK concentrated at the MTJ in controls and nrk2b morphants (Figs. 6C-F, white arrows, pY861 FAK ct n = 52 MTJs, nrk2b MOs n=75 MTJs; pY397 FAK ct n=55 MTJs, nrk2b MOs n = 83 MTJs). Gaps in FAK staining in nrk2b morphants correlated with gaps in MTJs and abnormally long muscle fibers (Figs. 6D, F, red arrows) . Anisotropy factors reflecting organization of pY FAK between control and nrk2b morphants were more similar to each other, but still significantly different (Figs. 6N, O , p values ranged from 0.02 to 0.05, there was no correlation of size scale with p value). These results indicate that (E) Graph of average myotome boundary angles in controls, NAD+-treated controls, nrk2b morphants, NAD+-treated nrk2b morphants, laminin morphants, and NAD+-treated laminin morphants. The average myotome boundary angle of nrk2b morphants is significantly different than controls (Student t-test, p b 0.001) and the average myotome boundary angle of NAD+-treated nrk2b morphants is significantly different than untreated nrk2b morphants and controls (Student t-test, p b 0.001, n of myotome boundaries measured on x-axis). (F) Graph of the percent of MTJs crossed by muscle fibers in nrk2b morphants, NAD+-treated nrk2b morphants, laminin morphants, and NAD+-treated laminin morphants. NAD+ treatment rescues boundary crossings in a dose dependent manner in nrk2b morphants, but not laminin morphants (n of MTJs crossed over total MTJs analyzed is listed on the x-axis). although concentration of β-Dystroglycan and pY FAK appear qualitatively similar to controls, subcellular localization of these proteins at the MTJ is less organized in nrk2b morphants than in controls.
Strikingly, the localization of a different CMAC component, Paxillin, was disrupted in all nrk2b morphants analyzed (Figs. 6G-H, imaging parameters were the same for controls and morphants, ct n = 200 MTJs; nrk2b MOs n = 181 MTJs). Note that Paxillin is concentrated at MTJs in controls, but is not highly concentrated at the MTJ in nrk2b morphants. Interestingly, similar to Laminin-111 staining, Paxillin staining at the MTJ within slow-twitch muscle fibers was not affected (data not shown), but was disrupted in the more medial fast-twitch fiber domain. The anisotropy factor was strikingly lower for nrk2b morphants than controls over all size scales (Fig. 6P,  p b 0.001) . In controls, the anisotropy factors for pY FAK and Paxillin are not significantly different (Fig. 6Q) . In contrast, the anisotropy factor for Paxillin in nrk2b morphants was significantly different than (Figs. 6U-W) . Taken together, the qualitative and quantitative assessments of CMAC formation in nrk2b morphants indicate that Paxillin concentration at MTJ CMACs is dramatically disrupted in nrk2b morphants.
The lack of robust Paxillin concentration at MTJs in nrk2b morphants could be due to: (1) decreased paxillin transcription, (2) less Paxillin protein or (3) reduced recruitment/retention of Paxillin to MTJ CMACs. qRT-PCR for paxillin transcript levels show that paxillin transcription is normal in nrk2b morphants (Fig. 6R) . Densitometry measurements of Paxillin antibody staining and Western analysis suggested that there is not a reduction in Paxillin protein in nrk2b morphants (Figs. 6S, T, respectively) . One caveat, however, is that densitometry is qualitative and qRT-PCR and Westerns represent levels within entire embryos. Thus, although it does not appear to be the case, there could be a physiologically significant reduction of Paxillin levels in muscle tissue. These data suggest the hypothesis that Nrk2b is required for recruitment and/or retention of cytoplasmic Paxillin to MTJ CMACs.
The above data indicate a specific requirement for Nrk2b in Paxillin localization at MTJ CMACs. This represents a novel model system with which to ask important questions about CMAC assembly in vivo. We used genetic mosaic analysis to ask whether Paxillin localization to MTJ CMACs was restored in wild-type cells transplanted into nrk2b morphants. Normal β-Dystroglycan localization indicated that cells are not appreciably perturbed by transplantation (Fig. 7, panel B) . Similar results were obtained when pY397 FAK concentration at the MTJ was analyzed (Fig. 7,  panel C) . Strikingly, Paxillin localization to MTJs was rescued in wild-type cells, but not in the Nrk2b-deficient cells surrounding them (Fig. 7, panel  D) The multinucleate nature of fast-twitch muscle fibers and the possibility that wild-type cells fused with Nrk2b-deficient cells implies that even reduced amounts of Nrk2b are sufficient for Paxillin concentration at the MTJ. This result indicates that the protein composition of CMACs can be modulated cell autonomously in vivo.
Paxillin is sufficient for boundary capture in nrk2b morphants
The data thus far suggest multiple hypotheses, including: (1) Paxillin concentration at the MTJ promotes normal basement membrane assembly and boundary capture, (2) Paxillin concentration at the MTJ is a read-out of robust CMAC assembly, (3) adhesion to Laminin-111 is critical for Paxillin concentration at the MTJ, or (4) Paxillin concentration at the MTJ and basement membrane assembly are linked through insideout and outside-in signaling. Unfortunately we do not currently possess the tools for dynamic, in vivo analysis of basement membrane assembly and are unable to definitively discriminate between these hypotheses. However, analysis of Paxillin subcellular localization in laminin mutants could be informative. If Paxillin concentrates at the MTJ in laminin β1 mutants, hypotheses (2) and (3) could be eliminated. β-Dystroglycan concentrates at the MTJ in laminin β1 mutants as previously reported (Fig. 8B , Parsons et al., 2002b) . We find that Paxillin concentration at the MTJ is nearly abrogated in laminin β1 mutants (Fig. 8D) . This result suggests that Paxillin concentration to the MTJ is functionally downstream of Laminin.
We asked whether overexpression of Paxillin was sufficient to rescue the nrk2b morphant phenotype using a transgenic line that ubiquitously overexpresses Paxillin:GFP. Paxillin:GFP concentrates robustly at MTJs in control transgenic embryos and Paxillin overexpression does not disrupt early development (data not shown). Interestingly, Paxillin:GFP also robustly concentrates at MTJs in transgenic embryos injected with nrk2b MOs. Overexpression of Paxillin:GFP did not significantly decrease wider MTJ angles in nrk2b morphants (Fig. 8G , Student t-test, p = 0.17). However, overexpression of Paxillin:GFP did significantly reduce the percentage of MTJs crossed by muscle fibers in nrk2b morphants (Fig. 8H , Student t-test, p b 0.01). These data indicate that MTJ angle and MTJ integrity can be uncoupled. Furthermore, these data implicate Paxillin as a major regulator of boundary capture in vivo.
Discussion
Signaling through cell adhesion complexes not only mediates cell migration and cell shape changes, but also influences all other major cellular functions. Thus, these complexes are best thought of as flexible and dynamic information handling machines (Lock et al., 2008) . Elucidating how adhesion complexes mediate the cellular and molecular mechanisms underlying myotube formation and tendon attachment is critical to understanding musculoskeletal development and the transition to disease states. We show that a novel protein, Nrk2b, is required for muscle development in vivo. Importantly, we identify Nrk2b functions at the tissue, cellular and molecular levels (Fig. 9) . Nrk2b is required for normal basement membrane assembly at the MTJ. In the absence of Nrk2b, MTJs are discontinuous, resulting in abnormally long muscle fibers. Nrk2b also regulates the molecular composition of CMACs. Nrk2b is required for normal FAK and β-Dystroglycan organization at the MTJ and localization of Paxillin to the MTJ is nearly abolished in nrk2b morphants. Finally, we provide evidence that the molecular function of Nrk2b is NAD+ production: addition of exogenous NAD+ rescues the nrk2b morphant phenotype. Multiple lines of evidence suggest that Nrk2, although little studied, is a highly significant protein with important functions in muscle growth and disease. Microarray analysis of "double muscled" myostatin −/− cows found that itgβ1bp3/nrk2 is the second most upregulated muscle transcript, second only to troponin T type 1. nrk2 transcription is also highly upregulated in alveolar soft-part sarcoma (Stockwin et al., 2009) , a rare and highly metastatic cancer with poor prognosis. These data do not determine whether nrk2 upregulation is a cause or an effect of increased muscle growth/proliferation. However, they do suggest that in vivo functional analysis may identify conserved functions of Nrk2 with therapeutic relevance.
A novel morphogenetic role for NAD+
NAD+ is a ubiquitous coenzyme best known for its role in metabolic electron transfer reactions, but is also a critical coenzyme for many different reactions. For example, NAD+ is an obligatory substrate in ADP-ribosylation reactions that influence processes ranging from DNA repair to cell signaling and adhesion (Hassa and Hottiger, 2008; Kahn, 2009; Keppler and Archer, 2008; Koch-Nolte et al., 2008; Myers and Casanova, 2008; Sabe et al., 2006; Saporita et al., 2007) . Although recent data have identified a novel NAD(H) binding protein that links metabolic cues with cell cycle regulation, roles for NAD+ during morphogenesis have not been identified. We show that Nrk2b regulates morphogenesis by production of NAD+. It was traditionally thought that the only mechanism for NAD+ synthesis was de novo synthesis from amino acids. Within the last decade, however, an alternative salvage pathway that generates NAD+ has been identified (Biegaganowski and Brenner, 2004) . This pathway involves salvage of Nicotinic acid, Nicotinamide, or Nicotinamide Riboside (Belenky et al., 2009; Tempel et al., 2007) . Nicotinamide riboside kinases, Nrks, phosphorylate Nicotinamide Riboside, a critical step towards NAD+ synthesis. The question that remains, however, is how NAD+ regulates morphogenesis. Because a role for NAD+ during morphogenesis has not previously been shown, we can only speculate. We hypothesize that Nrk2b post-translationally promotes basement membrane assembly by providing a local source of NAD+ used to ADP-ribosylate Integrins. ART1 is an ecto-mono-ADP-ribosylatransferase that ADP-ribosylates Integrin α7 at multiple sites, depending upon NAD+ concentration (Zhao et al., 2005; Zolkiewska and Moss, 1997) . This ADP-ribosylation by ART1 is not readily reversible and leads to an increased Lamininbinding affinity of Integrin α7β1 in differentiated myotubes. Given that NAD+ is an obligatory substrate in ADP-ribosylation reactions, the authors hypothesized that Integrin α7 ADP-ribosylation might be a protective mechanism that increases Integrin α7β1 adhesion to Laminin when the sarcolemma has been compromised and intracellular NAD+ leaks into the extracellular space. However, it is also possible that Integrin ADP-ribosylation and the subsequent increased affinity for Laminin is a morphogenetic mechanism that promotes basement membrane polymerization. We have identified two ART1 orthologues expressed in developing zebrafish skeletal muscle (unpublished data). Preliminary data indicate that expression of these ARTs is Nrk2b dependent, they are required for basement membrane assembly, and act within the same pathway as Nrk2b (Peterson and Henry, unpublished data). Thus, one interesting avenue of research is development of tools that would allow visualization of ADP-ribosylation and basement membrane assembly in vivo. This model is clearly very speculative. However, two recent findings establish some precedent for compartmentalized NAD+ usage and NAD+-dependent enzymes in morphogenesis. Transgenic Arabidopsis expressing reporter constructs for three NAD+ kinases, or NADKs, show tissue-specific expression (Waller et al., 2010) . Expression of GFP-tagged versions of the NADKs in suspension cultures showed that one of the three localized to the peroxisomal matrix (Waller et al., 2010) . These data suggest that localized NAD+ usage may play roles in plant development and/or physiology. Data that potentially implicate NAD+ in morphogenesis were obtained by identifying a potential locus underlying isolated congenital nail clubbing (ICNC). ICNC is a rare autosomal recessive disorder characterized by abnormal connective tissue growth and matrix that lead to enlargement of digit terminal segments (Tariq et al., 2009) . In one large Pakistani family, a nonsense mutation in the gene encoding NAD+-dependent 15-hydroxyprostoglandin degydrogenase is thought to underlie ICNC (Tariq et al., 2009) . Taken together, our findings implicating NAD+ in morphogenesis, as well as clear roles for NAD+ in modulating Integrin affinity for Laminin in cell culture, localized usage of NAD+ in Arabidopsis, and roles for a NAD+-dependent enzyme in a connective tissue disease all suggest that NAD+ may be a little recognized yet important morphogenetic mediator.
Dynamic reciprocity and musculoskeletal homeostasis
Adhesion of muscle cells to the surrounding basement membrane is one of the most important aspects of musculoskeletal structure. When genes whose protein products are involved in muscle cellbasement membrane adhesion are mutated, myopathies can occur. Zebrafish models of muscular dystrophies have both validated the model and provided novel insights into pathogenesis Hall et al., 2007; Nixon et al., 2005; Parsons et al., 2002a; Postel et al., 2008; Steffen et al., 2007; Thornhill et al., 2008) . One important insight is that the MTJ is a major site of failure in sapje/dystrophin mutants . It has also recently been shown that muscle fibers detach from the basement membrane at the MTJ prior to membrane disruption and apoptosis in candyfloss/laminin α2 mutants (Hall et al., 2007) . One less appreciated but critically important aspect of musculoskeletal homeostasis is initial MTJ morphogenesis. Multiple studies have shown that disruption of ECM at the MTJ can result in the formation of aberrant and discontinuous MTJs (Snow et al., 2008a; Kudo et al., 2004; Pagnon-Minot et al., 2008; Snow et al., 2008b) . In this study, we elucidate some of the underlying mechanisms that govern ECM remodeling and allow cells to integrate signaling and differentiation with the structure of their local microenvironment. This dynamic, bidirectional relationship between cells and their local ECM environment mediate basement membrane assembly at the MTJ and reinforces muscle fiber-MTJ adhesion. We show that Nrk2b, via production of NAD+, plays a critical role in basement membrane assembly. This is a novel mechanism of "inside-out" signaling. We also show that Laminin itself is critical for recruitment of Paxillin to cellmatrix adhesion complexes at the MTJ -"outside-in" signaling. Overexpression of Paxillin:GFP promotes boundary capture and termination of muscle fiber elongation, representing another example of "inside-out" signaling. These results provide a mechanistic framework for future studies investigating the positive feedback loop between cells and their matrix that reinforces and stabilizes muscle fiber-MTJ adhesion.
Nrk2b and specificity of cell adhesion function
Although it is not known how CMACs regulate disparate cellular processes such as motility, stable adhesion, proliferation, survival and invasion, it is likely that changes in their size, localization, stability and molecular composition mediate different cellular outputs. Recent advances in imaging technology (fluorescent speckle microscopy, spatio-temporal image correlation spectroscopy) have allowed new insights into the CMAC to F-actin linkage in vitro (Lock et al., 2008) . However, analysis of the molecular composition and size of CMACs during development is difficult, if not impossible. Analysis of the phenotypes of mice, Xenopus and zebrafish deficient for different CMAC components has increased understanding of CMAC function during development. These studies show that one mechanism contributing to CMAC functional specificity is tissue-restricted expression of CMAC components. But what about a CMAC component such as Paxillin, which is ubiquitously expressed during zebrafish development (Crawford et al., 2003) ? How is Paxillin function within CMACs modulated in different contexts? Here, we provide one paradigm by which specificity can be achieved. We show that nrk2b is expressed in axial skeletal muscle and is required for Paxillin localization to MTJ CMACs. Our data do not indicate whether Nrk2b is required for Paxillin recruitment or retention/stabilization of Paxillin at MTJs. Interestingly, we also provide evidence that Nrk2b-mediated Paxillin concentration is modulated in a cell autonomous fashion. To our knowledge, this is the first mechanistic understanding of cell autonomous CMAC molecular composition regulation in vivo. Given the absolutely critical role of Paxillin in mediating cell adhesion and migration in vitro (Deakin and Turner, 2008) , it is perhaps not surprising that Paxillin localization to the MTJ can be modulated in a tissue-specific manner. Importantly, the fact that Nrk2b was shown to regulate the protein level and tyrosine phosphorylation of Paxillin in C2C12 myoblasts (Li et al., 2003) suggests some conservation of Nrk2b function. Thus, an in vivo model of Nrk2b function may provide relevant insights into human health and disease.
Basement membranes, primarily composed of Laminin, are specialized compartments within the ECM that provide mechanical support and regulate multiple cellular activities. Laminins are heterotrimeric proteins composed of an α, β and γ chain. It is thought that once assembled, most Laminins polymerize via interactions between the three N-terminal short arms (Tzu and Marinkovich, 2008) . The mechanisms that regulate Laminin polymerization in vivo are not well understood. We show that despite normal/increased levels of laminin chain transcription, the MTJ basement membrane is significantly disorganized in nrk2b morphants. The fact that nrk2b morphant cells in control hosts are unable to induce basement membrane defects indicates that basement membrane assembly at the MTJ is a community-mediated phenomenon. This result suggests that the basement membrane is not disorganized because of unusually high degradation in nrk2b morphants. If nrk2b deficiency results in increased matrix proteolysis, one would predict that large cohorts of nrk2b-deficient cells in control hosts would be sufficient to induce basement membrane disruption. Thus, taken together, these data suggest that Nrk2b is a novel regulator of basement membrane assembly during early MTJ morphogenesis.
Paxillin at the MTJ is not required for subcellular localization of FAK to the MTJ Paxillin and FAK were among the first identified focal adhesion proteins and, as such, the focus of thousands of studies elucidating their molecular structure and function. FAK has a central kinase domain and a C-terminal domain that targets FAK to focal adhesions. Paxillin is a scaffolding protein replete with protein-protein binding domains: SH2 and SH3 domain binding sites, four C-terminal LIM domains, and five N-terminal LD motifs (Deakin and Turner, 2008) . Paxillin and FAK directly interact and FAK phosphorylation and localization to focal adhesions are reduced in paxillin −/− cells (Hagel et al., 2002; Wade et al., 2002) . LD motifs 2 and 4 of Paxillin bind to the α-helix 1/4 and α-helix 2/3 Paxillin-binding sites within the Focal Adhesion Targeting (FAT) domain of FAK (Bertolucci et al., 2005; Gao et al., 2004; Thomas et al., 1999) . A recent in vitro study analyzed the function of these two Paxillin-binding sites within FAK. In the absence of both sites, only about 10% of FAK localizes to focal adhesions. The presence of either Paxillin-binding site is sufficient for FAK targeting to focal adhesions. However, both Paxillin-binding sites are necessary for maximal FAK activation and phosphorylation of downstream substrates (Scheswohl et al., 2008) . Given these in vitro data, it is curious that FAK phosphorylation and concentration at the MTJ are not more disrupted in nrk2b morphants that show disrupted Paxillin. In this regard, there is evidence from in vitro studies that secondary mechanisms for FAK subcellular localization may exist. Notably, although glutamic acid 997 of FAK does not normally play a role in FAK localization to focal adhesions, this residue is required for FAK localization to focal adhesions when FAK binding to Paxillin is abrogated (Scheswohl et al., 2008) . Thus, it is possible that within the complex in vivo environment, there are multiple mechanisms mediating FAK concentration at CMACs. Alternatively, it is possible that FAK at the MTJ is primarily localized to the DystrophinGlycoprotein Complex (DGC) that also anchors the intracellular cytoskeleton to Laminin in the ECM. Far less is known about dynamics of DGC assembly and it is not known if Paxillin is required for FAK recruitment to DGC based adhesions. Regardless, our data show that normal Paxillin localization is not required for robust concentration of FAK to CMACs at the MTJ in vivo.
Quantitative analysis of morphogenesis
The ability to quantify phenotypes is critical when investigating development or disease. A mathematical approach facilitates both an understanding of experimental/developmental variability and also aids in identifying subtle differences that could otherwise be construed as noise (Cooper and Albertson, 2008) . For example, morphometric analyses determined that adult zebrafish haploinsufficient for Fgf8 have craniofacial defects (Albertson and Yelick, 2007) . The authors posit that one approach to identifying later developmental roles for homozygous lethal mutations is to quantitatively analyze morphogenesis in heterozygous embryos. Quantification is also important for comparing the efficacy of different treatments in animal models of disease. Towards this end, the minimal "Feret's diameter" has been identified as an excellent tool for reliable measure of fiber size in mdx −/− mice (Briguet et al., 2004) . Multiple laboratories have developed excellent methodologies for quantification of morphogenesis (Park et al., 2008; Yin et al., 2008) . In this manuscript, we used the 2D WTMM method (Arnedo, 2000; Khalil, 2006; Snow et al. 2008a, b; Khalil, 2006) to characterize the anisotropic signature (order/structure) of muscle architecture. Use of the 2D WTMM formalism showed that the basement membrane at the MTJ is significantly less organized in nrk2b morphants than in control or dystroglycan morphants. Importantly, however, we also showed that the 2D WTMM can be invaluable in parsing out subtle differences in CMAC organization. Although recruitment of both pY FAK and β-Dystroglycan to the MTJ appears normal in nrk2b morphants, there is a significant difference in CMAC organization.
Conclusions
Zebrafish axial muscle development is an ideal paradigm for quantitatively integrating functions for cell adhesion in morphogenesis. We show that Nrk2b-mediated NAD+ production regulates basement membrane assembly and boundary capture at the MTJ, Nrk2b indirectly regulates Paxillin concentration at the MTJ, and exogenous Paxillin expression is sufficient to rescue boundary capture in nrk2b morphants. Thus, we have identified novel roles for NAD+ during morphogenesis and for Paxillin during boundary capture in vivo. Taken together, these data provide novel insight into contributions of cell adhesion to morphogenesis.
